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ABSTRACT 

A number of bulkhead c o n f i g u r a t i o n s  are e v a l u a t e d  f o r  
use as a s u b s t r u c t u r e  of t h e  Common Mission Module. A b r i e f  
survey on t h e  bulkhead s t u d i e s  prepared by s e v e r a l  aerospace  
companies i s  p resen ted .  These i n v e s t i g a t i o n s  have provided 
background f o r  s e l e c t i o n  of  t he  most promising c o n f i g u r a t i o n s  
f o r  a more r e f i n e d  weight a n a l y s i s .  Those. which a r e  s e l e c t e d  
i n c l u d e  t h e  e l l i p t i c a l - t o r o i d a l  bulkhead and f o u r  v e r s i o n s  of 
t h e  f l a t  bulkhead, namely, the  honey-comb sandwich s lab,  t h e  
s t i f f e n e d  s k i n  suppor ted  by in t e rconnec ted  beams, t h e  s t i f f e n e d  
s k i n  suppor ted  by radial  beams and t h e  t r i a n g u l a r  sandwich p a n e l s  
suppor t ed  by i n t e r c o n n e c t e d  beams .  The a n a l y t i c a l  r e s u l t s  show 
t h a t  an e l l i p t i c a l - t o r o i d a l  bulkhead posses ses  t h e  h ighes t  weight 
sav ing  p o t e n t i a l  fol lowed by t h e  t r i a n g u l a r  sandwich p a n e l  des ign  
and t h e  r a d i a l  beam des ign .  However, a f l a t  bulkhead i s  b e t t e r  
t h a n  a curved one f o r  o t h e r  f a c t o r s ,  such as equipment mounting, 
i n s t a l l a t i o n  of docking p o r t s ,  f a b r i c a t i o n  and handl ing .  When 
meteoroid s h i e l d i n g  f o r  t h e  a d d i t i o n a l  module l e n g t h  of curved 
bulkhead des igns  i s  inc luded ,  a f l a t  bulkhead i s  a l s o  competi- 
t i v e  weightwise.  

When t h e  bulkhead c o n f i g u r a t i o n s  are i n c o r p o r a t e d  
i n t o  t h e  des ign  of t h e  CMM, it i s  found tha t  a h y b r i d  s t r u c t u r e  
f e a t u r i n g  one f l a t  bulkhead and one e l l i p t i c a l - t o r o i d a l  bulkhead 
i s  l i g h t e s t .  
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I. INTRODUCTION 

I n  c u r r e n t  work a t  Bellcomm a b a s i c  b u i l d i n g  block 
i d e n t i f i e d  as common miss ion  module (CMM), has been proposed 
and s t u d i e d .  Previous  Bellcomm i n v e s t i g a t i o n s  i n d i c a t e d  
t ha t  a u s e f u l  CMM s i z e  would be a c y l i n d r i c a l  can, 1 5  t o  22 
f e e t  i n  diameter. Bulkheads o f  va r ious  c o n f i g u r a t i o n s  can 
be i n c o r p o r a t e d  i n t o  t h i s  c y l i n d r i c a l  miss ion  module and can 
have a s i g n i f i c a n t  i n f l u e n c e  on s p a c e c r a f t  weight .2 
c o n f i g u r a t i o n s  a p p l i c a b l e  t o  the  des ign  o f  space v e h i c l e s  have 
a l s o  been widely s t u d i e d  by  many aerospace  companies e i t h e r  as 
a s p e c i a l  r e s e a r c h  p r o j e c t 3  o r  as par t  o f  an  advanced space 
v e h i c l e  ~ t u d y ~ ’ ~ , ~ ’ ~ .  Due t o  t h e  d i f f e r e n c e s  i n  t h e i r  methods 
of  a n a l y s i s  and materials used, it i s  d i f f i c u l t  t o  draw a 
meaningful  conc lus ion  as t o  which of these  i n v e s t i g a t e d  bulk- 
head c o n f i g u r a t i o n s  i s  most advantageous when a p p l i e d  t o  a 
CMM s t r u c t u r e .  

Bulkhead 

The purpose o f  t h i s  memorandum i s  t o  make comprehen- 
s i v e  e v a l u a t i o n s  of t h e  candida te  bulkhead c o n f i g u r a t i o n s  by a 
uniform approach and t o  provide a gu ide  f o r  t h e  des ign  of CMM 
s t r u c t u r e s .  

P re sen ted  i n  t h i s  s tudy are t h e  c o n f i g u r a t i o n a l  
concepts  which have already been documented i n  t h e  l i t e r a t u r e  
along w i t h  modified v e r s i o n s  suggested by t h e  a u t h o r .  A 
d i s c u s s i o n  of a l l  of t h e  p rospec t s  leads t o  t he  e l i m i n a t i o n  
of t h e  l e a s t  a t t r a c t i v e  ones and, fur thermore ,  t o  t h e  choice 
of  f i v e  promising c o n f i g u r a t i o n s  f o r  q u a n t i t a t i v e  a n a l y s i s .  
The weight-saving p o t e n t i a l  o f  each of  t h e  s t r u c t u r a l  concepts  
are t h e n  estimated. 

Various combinations of f l a t  and e l l i p t i c a l - t o r o i d a l  
bulkheads are i n v e s t i g a t e d  f o r  a miss ion  module which r e q u i r e s  
a separate subsystem compartment i n  a d d i t i o n  t o  a crew l i v i n g  
cab in .  
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I1 GUIDELINES AND CONSTRAINTS 

The fo l lowing  g u i d e l i n e s  and c o n s t r a h t s  are assumed: 

1. 

2. 

3. 

4 .  

5.  

The b a s i c  CMM s t r u c t u r e  c o n s i s t s  of a 
p r e s s u r i z e d  i n n e r  c y l i n d e r  240-inch i n  
diameter and a n  unpressur ized  load-  
c a r r y i n g  cyPinder  of 260-inch i n  diameter. 
The i n n e r  p r e s s u r e  v e s s e l  i s  suspended 
w i t h i n  t he  load-car ry ing  s t r u c t u r e .  

A c e n t r a l  t u b e ,  60-inch i n  diameter, 
ex tending  a long  t h e  e n t i r e  l e n g t h  be- 
tween the  bulkheads o f  t h e  p r e s s u r i z e d  
s t r u c t u r e ,  i s  r e q u i r e d  t o  s e r v e  both  as 
a passageway/air lock and as a r a d i a t i o n  
she l t e r .  The t u b e  h a s  a 36-inch diameter 
h a t c h  a t  each end .  

A s a fe ty  f a c t o r  of 2 i s  a p p l i e d  t o  t h e  
u l t i m a t e  s t r e n g t h  of t h e  m a t e r i a l  i n  t h e  
a n a l y s i s .  

The bulkheads s t u d i e s  are made of 2014-T6 
aluminum w i t h  t h e  fo l lowing  p r o p e r t i e s :  

Ultimate S t r e n g t h  = 64,000 p s i  

Modules of  E l a s t i c i t y  = 1 0  x 1 0  p s i  6 

Po i s son ' s  R a t i o  = 0.3 

Unit Weight = 0 . 1  l b / i n 3  

The requi rements  f o r  windows, docking p o r t s ,  
and o t h e r  p e n e t r a t i o n s  are no t  cons ide red  i n  
t he  weight e s t i m a t e s .  I n s u l a t i o n  and equipment 
mounting s t r u c t u r e s  are a l s o  omi t ted .  

111. INITIAL ASSESSMENT OF CANDIDATE CONCEPTS 

Previous  s t u d i e s  233 i n d i c a t e  t h a t  weight s av ing  may be 
achieved  by des ign ing  a bulkhead w i t h  a low he igh t - to - r ad ius  r a t i o .  
When t h e  h e i g h t  of t h e  bulkhead i s  reduced t h e  l e n g t h  of t h e  o u t e r  
c y l i n d e r  would a l so  be reduced. A low p r o f i l e  bulkhead can be 
o b t a i n e d  wi thout  s eve re  weight p e n a l t y  e i t h e r  by  r e p l a c i n g  t h e  
conven t iona l  e l l i p s o i d a l  membrane s h e l l  w i t h  a c a r e f u l l y  des igned  
f l a t  s t r u c t u r e ,  o r  by employing curved membranes r e s t r a i n e d  by 
r i n g s ,  beams, webs, o r  t e n s i o n  members. Eleven bulkhead 
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c o n f i g u r a t i o n s  a p p l i c a b l e  t o  a CMM s t r u c t u r e  are g iven  i n  
F i g u r e  1. These c o n f i g u r a t i o n s  are grouped- i n t o  two families 
accord ing  t o  t h e i r  p r o f i l e s .  They are: (1) curved bulkheads,  
and ( 2 )  f l a t  bulkheads.  The f i r s t  group i n c l u d e s  t h e  e l l i p s o i d a l  
bulkhead,  t h e  e l l i p t i c a l - t o r o i d a l  bulkhead, t h e  c i r c u m f e r e n t i a l  
membranes w i t h  i n t e r m e d i a t e  t e n s i o n  t i e s ,  t h e  bubble-type membrane 
suppor t ed  by radial  beams, t h e  sha l low dome, and t h e  s c a l l o p .  
The second group c o n s i s t s  of the  .honeycomb sandwich slab bulkhead 
and f i v e  d i f f e r e n t  v e r s i o n s  of beam suppor ted  s t i f f e n e d  s k i n  o r  
beam suppor ted  honeycomb sandwich s lab .  

I n  t he  des ign  of a CMM, t he  s t r u c t u r a l  c o n f i g u r a t i o n  
must accommodate t h e  requirements  and l i m i t a t i o n s  of a l l  t h e  
p robab le  mis s ions .  The s i g n i f i c a n t  des ign  c o n s i d e r a t i o n s  i n c l u d e  
a high usab le  volume-to-weight r a t i o ,  an e f f i c i e n t  s t r u c t u r a l  
i n t e r c o n n e c t i o n  w i t h  o t h e r  modules of t h e  s p a c e c r a f t  s y s t e m ,  
c o m p a t i b i l i t y  w i t h  environmental  c o n t r o l ,  v e r s a t i l i t y  i n  equip-  
ment mounting, ease of  i n s t a l l i n g  ha tches  o r  docking p o r t s ,  f ree  
c a b i n  space and, manufacturing f e a s i b i l i t y .  

I n  g e n e r a l ,  a f l a t  bulkhead i s  favored  over  a curved 
bulkhead, because i t  p e r m i t s  f u l l  u t i l i z a t i o n  of  a v a i l a b l e  cab in  
volume and o f f e r s  a f l a t  s u r f a c e  convenient  f o r  equipment mount- 
i n g .  Furthermore,  it r e q u i r e s  a r e l a t i v e  simple procedure  f o r  
f a b r i c a t i o n  o r  handl ing  and i s  u s u a l l y  easy t o  adopt docking 
p o r t s  and o t h e r  p e n e t r a t i o n s .  

A curved bulkhead,  on t h e  o t h e r  hand, does n o t  p o s s e s s  
such advantages due t o  i t s  complex p r o f i l e .  The only p o s s i b l e  
advantage tha t  the  l a t t e r  might  have i s  i n  sav ing  weight. 

The weight s av ing  p o t e n t i a l  of a s p e c i f i c  conf igura-  
t i o n s  cannot be a c c u r a t e l y  assessed u n t i l  detai led a n a l y s e s  on 
a l l  t h e  cand ida te  c o n f i g u r a t i o n s  are performed and compared t o  
one ano the r .  These a n a l y s e s ,  u s u a l l y  i n v o l v i n g  a large amount of  
numer ica l  work, are beyond the  scope of  t h i s  s tudy .  The re fo re ,  
on ly  a b r i e f  conceptua l  e v a l u a t i o n  of each c o n f i g u r a t i o n  i s  
p r e s e n t e d  i n  t h e  fo l lowing  paragraphs.  The i n t e n t i o n  i s  t o  
e l i m i n a t e  some of  t h e  less  d e s i r a b l e  concepts  and reduce 
the  unnecessary e f f o r t  i n  performing weight a n a l y s i s .  

A. E l l i p s o i d a l  Bulkhead ( F i g -  la-A) 

The he ight - to- rad ius  r a t i o  of an e l l i p s o i d a l  bulkhead 
1 I i s  u s u a l l y  kept  larger t h a n  - , t o  avoid t h e  compressive 
Jz- 
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membrane stress a t  t h e  she l l  e q u a t o r .  When t h i s  c o n d i t i o n  i s  
sa t i s f ied  e l l i p s o i d a l  bulkheads o f f e r  a h igh  volume-to-weight 
r a t i o ,  When a high-crown e l l i p s o i d a l  bulkhead i s  app l i ed  t o  
a CMM, t h e  a s s o c i a t e d  o u t e r  c y l i n d r i c a l  wall w i l l  i n e v i t a b l y  
make the combined weight very high.  On t h e  o t h e r  hand, I f  a 
low p r o f i l e  e l l i p s o i d a l  c o n f i g u r a t i o n  i s  used, a p o r t i o n  of  
t he  s t r u c t u r e  w i l l  be  under compressive,circumferential mem- 
brane s t ress .  The r e q u i r e d  weight of t h e  bulkhead  i n c r e a s e s  
r a p i d l y  as the  crown height reduces t o  a very small v a l u e  
whereas the  weight ( l e n g t h )  of t h e  o u t e r  wall becomes smaller. 
Though an optimum crown h e i g h t  can be  found through t r a d e o f f s ,  

2 The t o t a l  weight o f  t h e  CMM s t r u c t u r e  i s  s t i l l  l i k e l y  t o  be  high . 
T h i s  c o n f i g u r a t i o n  would be a t t r a c t i v e  only i f  t h e  space  enc losed  
by t h e  curved bulkheads could be f u l l y  u t i l i z e d .  

B. E l l i p t i c a l - T o r o i d a l  Bulkhead (F ig .  l a - B )  

T h i s  i s  an e l l i p t i c a l - t o r o i d a l  s h e l l  membranes mated t o  
t h e  p r e s s u r e  s h e l l  c y l i n d e r  and a c e n t r a l  a i r l o c k  t u b e .  S imi la r  
t o  t he  e l l i p s o i d a l  bulkhead,  one of t h e  problems encountered  i n  
t h i s  concept i s  tha t  when t h e  crown he ight  reduces ,  t h e  circum- 
f e r e n t i a l  membrane stress n e a r  i t s  o u t e r  edge may become compres- 
s i v e ,  t hus  r e q u i r i n g  heavy s t r e n g t h e n i n g  i n  t h i s  p o r t i o n  of t h e  
s t r u c t u r e  i n  o r d e r  t o  avoid  i n s t a b i l i t y  f a i l u r e .  

However a p rev ious  Bellcomm s tudy2,  based s o l e l y  upon 
i n t e r n a l  p r e s s u r e  load ing  i n d i c a t e d  that  t h i s  c o n f i g u r a t i o n  
can s i g n i f i c a n t l y  reduce w e i g h t .  For c o n f i g u r a t i o n s  w i t h  the 
same crown h e i g h t ,  t h e  t o r o i d a l  bulkhead weight i s  about  2 4 %  
t o  35% lower t h a n  t h a t  o f  t h e  e l l i p s o i d a l .  This  h o l d s  f o r  a 
crown he ight  ranging  from 1 . 5  f t  t o  3.5 f.t.and a c e n t r a l  t u b e  
48 i n c h e s  i n  d iameter .  A similar concept was a l s o  recommended 
i n  r e f e r e n c e  3 as a candida te  c o n f i g u r a t i o n  f o r  t h e  crew com- 
par tment  des ign  of a Mars-Venus F lyby  s p a c e c r a f t .  

C. C i r cumfe ren t i a l  Membranes (Fig.  la-C) 

T h i s  concept has i t s  s imi la r i t i es  t o  concept  B. Its 
spec ia l  f e a t u r e  i s  tha t  i n  a d d i t i o n  t o  an e l l i p t i c a l - t o r o i d a l  
s h e l l  membrane there is  a c e n t r a l  e l l i p s o i d a l  dome p ropor t ioned  
i n  such  a way t h a t  t he  crown he ight  o f  t h e  bulkhead can be  
k e p t  very low wi thout  r i s k i n g  i n s t a b i l i t y  f a i l u r e  o r -  
i nduc ing  la rge  weight pena l ty  t o  t h e  bulkhead s h e l l  s t r u c t u r e .  
However, t he  des ign  of such a p r e s s u r i z e d  c o n t a i n e r  r e q u i r e s  
a s t i f f e n i n g  r i n g  a t  t h e  j u n c t i o n  of  t h e  s e m i - e l l i p t i c a l  t o r u s  
and t h e  e l l i p t i c a l  dome-as we l l  as a s e t  of t e n s i o n  t i e s  between 
t h e  bulkheads.  The t e n s i o n  t ies are l o c a t e d  some d i s t a n c e  amy. 
from the  c e n t r a l  a i r l o c k  she l l  wall. The n e t  s a v i n g  on o v e r a l l  
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s t r u c t u r a l  weight i s  u n c e r t a i n  due t o  t h e  a d d i t i o n  o f  t e n s i o n  
t i e s  and the r i n g  whereas the  u s a b l e  space  w i t h i n  t h e  c a b i n  
w i l l  be somewhat r e s t r i c t e d .  The re fo re ,  t h i s  concept  does 
n o t  seem t o  o f f e r  g r e a t  advantage ove r  Concept B u n l e s s  t h e  
r i n g  and the  t e n s i o n  t i e s  a r e  a l s o  r e q u i r e d  f o r  o t h e r  purposes  
such  as equipment mounting. 

D. Bubble-Type Membrane Supported by Radia l  B e a m s 3  ( F i g .  la-D) 

T h l s  s t r u c t u r e  c o n s i s t s  of  a se r ies  o f  bubble-type 
membranes suppor t ed  by radial  beams. The p r o f i l e  i s  formed 
on t h e  basis t h a t  a p r e s s u r i z e d  t h i n  s h e l l  suppor t ed  and 
r e s t r a i n e d  around i t s  p e r i p h e r y  w i l l  assume a bubble  shape 
c l o s e l y  approximating a t r u e  membrane. Thus, a low he ight - to-  
r a d i u s  r a t i o  bulkhead can be ob ta ined  a t  t h e  expense of  a d d i t i o n a l  
r ad ia l  beam weight.  

The l a y o u t  of t h i s  c o n f i g u r a t i o n  o f f e r s  some advantages  
o v e r  t h o s e  p r e v i o u s l y  desc r ibed  s i n c e  i n s t a l l a t i o n s  o f  f l o o r ,  
rad ia l  p a r t i t i o n s ,  and.equipment mounting r a c k s  can be suppor t ed  
by t he  radial  beams. But t h e  volume enc losed  by t h e  bubbles  
themselves  may be d i f f i c u l t  t o  u t i l i z e .  

It i s  f e l t  t h a t  t h e  complexity o f  t h e  membrane p r o f i l e  
w i l l  g r e a t l y  i n c r e a s e  t h e  d i f f i c u l t y  encountered  i n  t h e  f a b r i c a -  
t i o n a l  p rocess  which might not be j u s t i f i e d  by merely moderate 
weight-savings.  

E. Shal low Dome Bulkhead’ ( F i g .  l a - E )  

T h i s  concept i s  similar t o  t h e  e l l i p s o i d a l  bulkhead w i t h  
t h e  e x c e p t i o n  t h a t  t h e  mer iq iona l  r a d i u s  o f  t h e  s h e l l  i s  c o n s t a n t  
th roughout  the  bulkhead. T h i s  s i g n i f i c a n t l y  s i m p l i f i e s  t h e  con- 
s t r u c t i o n  p r o c e s s .  I n  o r d e r  t o  c o n s t r u c t  a low p r o f i l e  bulkhead 
a large mer id iona l  r a d i u s  i s  r e q u i r e d .  T h i s  requi rement  makes 
t h e  t h i c k n e s s  of t h e  s h e l l  wall much larger  t h a n  t h a t  o f  an  
e l l i p s o i d a l  bulkhead. Furthermore,  t h e  h igh  d i s c o n t i n u i t y  stresses 
caused  by t h e  sharp  a n g l e  a t  t h e  j u n c t i o n  be.tween the  sha l low dome 
and t h e  c y l i n d r i c a l  wall n e c e s s i t a t e  some heavy r e in fo rcemen t  i n  
t h e  form of a s t i f f e n i n g  r i n g .  It i s  t h e n  c l e a r  t ha t  t h i s  con- 
f i g u r a t i o n  r e t a i n s  most of  t h e  d i sadvan tages  o f  a curved bulkhead,  
w i t h  l i t t l e  g a i n  i n  weight  s av ing  as compared w i t h  a f l a t  bulkhead. 

F. 8 S c a l l o p  Bulkhead ( F i g .  la-F) 

A s c a l l o p  bulkhead i s  composed of  par t ia l  t r u n c a t e d  
cones and s p h e r i c a l  t r a n s i t i o n  s e c t i o n s  between t h e  par t ia l  
cones and the  main body of t h e  p r e s s u r i z e d  c o n t a i n e r .  The 
a s s o c i a t e d  main body i s , i n  t h i s  c a s e ,  a series o f  connected 
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p a r t i a l  c y l i n d e r s .  A s e t  of p e r f o r a t e d  webs which ex tend  
r a d i a l l y  from the  c e n t r a l  a i r l o c k  t u b e  t o  t h e  j u n c t u r e  of two 
c y l i n d r i c a l  wall s e c t i o n s ,  and l o n g i t u d i n a l l y  between t h e  
j u n c t u r e s  of  t h e  c o n i c a l  bulkhead s e c t i o n s  are r e q u i r e d .  To 
a s s u r e  u n i n t e r r u p t e d  usab le  cabin  space ,  t h e  openings i n  t h e  
webs must be made as l a r g e  as p o s s i b l e .  Hence t h e  web s t r u c t u r e  
i s  p r e f e r a b l y  i n  the  form of  a r i g i d  frame. 

T h i s  c o n f i g u r a t i o n  promises a l i g h t  bulkhead and a 
s h o r t  CMM l e n g t h .  But these advantages would be o f f s e t  by t h e  
added weight and inconvenience of  t h e  r e q u i r e d  web s t r u c t u r e .  
Furthermore,  when t h e  t h i c k n e s s  of t h e  p r e s s u r i z e d  sidewall  i s  
de termined  t o  meet requi rements  of r e s i s t i n g  t h e  impacts  o f  t h e  
meteoro ids ,  t h e  main body composed of p a r t i a l  c y l i n d r i c a l  s ec -  
t i o n s  t e n d s  t o  be much h e a v i e r  t h a n  r e q u i r e d  by p r e s s u r e  load-  
i n g .  The re fo re ,  no s u b s t a n t i a l  s a v i n g s  on the  t o t a l  CMM s t r u c -  
t u r a l  weight o v e r  o t h e r  c o n f i g u r a t i o n s  ( such  as c o n f i g u r a t i o n  B )  
can be  expec ted .  These c o n s i d e r a t i o n s  p l u s  i t s  complex geomet- 
r i c  p r o f i l e  makes t h i s  c o n f i g u r a t i o n  l e s s  a t t r a c t i v e  t h a n  t h e  
o t h e r s .  

G.  F l a t  Honeycomb Sandwich 3,5 ( F i g .  l b - G )  

The honeycomb sandwich slab i s  a large f l a t  p a n e l  
w i t h  a h igh  s t i f fnes s - to -we igh t  r a t i o .  
i n s u l a t i o n  and good impact r e s i s t a n c e .  Furthermore,  t h e  p r e s s u r e  
a c t i n g  on t h e  bulkhead can be t r a n s m i t t e d  uniformly t o  t h e  c y l i n -  
d r i c a l  wall, t h u s  making i t  unnecessary t o  have heavy s t i f f e n i n g  
s t r u c t u r a l  members on t h e  c y l i n d r i c a l  wall t o  r e s i s t  t h e  h i g h l y  
c o n c e n t r a t e d  load  as t h o s e  r e q u i r e d  i n  a bulkhead w i t h  radial  
beams. A honeycomb sandwich may no t  be t h e  l i g h t e s t  weight f l a t  
bulkhead c o n f i g u r a t i o n ;  bu t  i t  can be adapted w i t h  ease t o  t h e  
v a r i o u s  cab in  i n t e r i o r  arrangements as w e l l  as t o  t h e  a d d i t i o n a l  
h a t c h e s  o r  o t h e r  p e n e t r a t i o n s  wherever needed. These advantages 
make t h i s  c o n f i g u r a t i o n a l  concept o u t s t a n d i n g  and one which i s  
worthy of s e r i o u s  c o n s i d e r a t i o n  i n  t h e  d e s i g n  of  CMM bulkhead.  

The slab p rov ides  good 

H .  S t i f f e n e d  Sk in  Supported by Radial B e a m s  ( F i g .  lb-H) 

T h i s  f l a t  bulkhead i s  composed of  a t h i n  s k i n  w i t h  
i n t e g r a l  s t i f f e n e r s  which i s  supported by t h e  rad ia l  beams. 
One s e t  of t h e  beam f l a n g e s  can be  machined i n t e g r a l l y  w i t h  
t h e  s k i n  and t h e  s t i f f e n e r s  from a t h i c k  aluminum p l a t e .  The 
beams are suppor ted  l o n g i t u d i n a l l y  a t  t h e  c e n t r a l  a i r l o c k  tube  
and a t  t h e  c y l i n d r i c a l  s i d e w a l l .  Radial beams may be used e i t h e r  
i n s i d e  o r  o u t s i d e  of t h e  f l a t  s k i n .  S u b s t a n t i a l  weight s a v i n g s  
can be achieved  by apply ing  a se t  of  t e n s i o n  t i e s  t o  p rov ide  
i n t e r m e d i a t e  suppor t  f o r  t h e  rad ia l  beams, when and i f  i t  i s  
convenient  t o  do so.  
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T h i s  bulkhead c o n f i g u r a t i o n  i s  a very popu la r  one.  
It has been widely adapted by t h e  aerospace  i n d u s t r i e s  i n  t h e i r  
p l ann ing  of advanced space s t a t i o n s  637 . 
I. Ring S t i f f e n e d  Skin Supported by Radial B e a m s 4  ( F i g .  l b - I )  

T h i s  c o n f i g u r a t i o n  i s  similar t o  concept H w i t h  d i f f e r e n t  
s t i f f e n e r s .  I n  t h i s  case ,  t he  s t i f f e n e r s  are r i n g s  a r r anged  con- 
c e n t r i c a l l y  w i t h  t h e  c e n t r a l  a i r l o c k  tube .  The bulkhead s k i n  i s  
d e f l e c t e d  i n t o  t o r i s p h e r i c a l  s e c t i o n s  between s t i f f e n e r s  when 
s u b j e c t e d  t o  p r e s s u r i z a t i o n .  A t  a l l  s t i f f e n e r  j u n c t u r e s  the  
bulkhead s k i n  should  be preformed i n t o  t h e  t o r i s p h e r i c a l  s e c t i o n  
t o  reduce d i s c o n t i n u i t y  s t r e s s e s .  

While t h i s  c o n f i g u r a t i o n  i s  more complex i t s  weight i s  
no t  much less  t h a n  tha t  of t he  c o n f i g u r a t i o n  H .  

J.  S t i f f e n e d  Skin  Supported by In t e rconnec ted  Beams5 (F ig .  l b - J )  

A s  shown i n  F i g .  lb, t h i s  bulkhead a l s o  bears resem- 
b lance  t o  concept H.  It d i f f e r s  from t h e  l a t t e r  p r i m a r i l y  i n  
two ways: (1) none of  t h e  beams are o r i e n t e d  i n  a rad ia l  d i r e c -  
t i o n  and ( 2 )  some of t he  beams are cont inuous  ove r  t h e  s u p p o r t s  
provided by t h e  t e n s i o n  t i e s  which are b u i l t  i n t e g r a l l y  w i t h  t h e  
c e n t r a l  a i r l o c k  tube .  These d i f , f e r e n t  arrangements o f f e r  a n  
a l t e r n a t i v e  v e r s i o n  of t h e  sk in  and beam c o n f i g u r a t i o n .  

K.  T r i a n g u l a r  Sandwich Panels Supported by In t e rconnec ted  Beams 
( F i g .  lb-K) 

A s  shown i n  F i g .  lb, t h i s  BuLkhead i s  a t h i n  honeycomb 
sandwich slab suppor ted  by a set  of i n t e r c o n n e c t e d  beams. I n  
t h i s  s t r u c t u r e  a l l  of  t h e  beams, except  f o u r  r a d i a l l y  o r i e n t e d  
ones,  are cont inuous over  t h e  i n t e r m e d i a t e  t i e s .  S e v e r a l  t e n s i o n  
t i e s  are e q u a l l y  spaced along a c i r c l e  o u t s i d e  t h e  c e n t r a l  a i r l o c k  
s h e l l  wall. The arrangement of  t h e  beams i s  such tha t  a l l  of 
them are e i the r  suppor ted  a t  t h e  t e n s i o n  t i e s  o r  connected t o  t h e  
o u t e r  c y l i n d r i c a l  wall; consequent ly  there  w i l l  be no large con- 
c e n t r a t e d  l o a d  a c t i n g  on any of t h e  beams even i f  most of t h e  beams 
are i n t e r c o n n e c t e d .  The t r i a n g u l a r  p a n e l s  of t h e  sandwich slab 
are approximately t h e  same s i z e  and maximum stresses i n  these 
p a n e l s  are t h e r e f o r e  n e a r l y  uniform. 

T h i s  c o n f i g u r a t i o n  should  have a great weight s a v i n g  
p o t e n t i a l .  I n  a d d i t i o n ,  the  s p e c i a l  p a t t e r n  of t h e  beam ar range-  
ment pe rmi t s  t h e  a i r l o c k  tube t o  be moved t o  an  e c c e n t r i c  p o s i t i o n  
c l o s e  t o  t h e  s idewal l ,  i f  d e s i r e d ,  wi thout  making s a c r i f i c e  i n  
weight s av ing .  
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The i n t e r m e d i a t e  t e n s i o n  t i e s  are an  u n d e s i r a b l e  
f e a t u r e  i n  t h i s  concept  s i n c e  t h e y  might o b s t r u c t  u s a b l e  
c a b i n  space .  However, i f  t h e  space  immediately o u t s i d e  o f  
t h e  c e n t r a l  a i r l o c k ,  which a l s o  s e r v e  as r a d i a t i o n  shel ter ,  
i s  t o  be used f o r  s t o c k i n g  food and o t h e r  consumables; t h e n ,  
i t  i s  conce ivable  t h a t  t h e  t e n s i o n  t i e s  can be used conven- 
i e n t l y  as pa r t  of  t h e  s t o r a g e  s t r u c t u r e .  

I V .  BULKHEAD STUDIES BY AEROSPACE COMPANIES 

It i s  c l e a r  from t h e  d i s c u s s i o n s  g iven  i n  t h e  l a s t  
s e c t i o n  t h a t ,  whi le  some o f  the  c o n f i g u r a t i o n a l  concepts  show 
more advantages t h a n  o t h e r s ,  there  i s  no one t h a t  appears t o  be 
s u p e r i o r  i n  a l l  a s p e c t s .  Therefore ,  a b r i e f  survey  o f  s t u d i e s  
prepared by s e v e r a l  aerospace  companies w i l l  be h e l p f u l  i n  
c l a r i f y i n g  t h e  s p e c i a l  c h a r a c t e r i s t i c s  o f  t h e  i n d i v i d u a l  bulkhead 
and, fur thermore ,  i n  narrowing down t h e  cho ice  t o  a few ou t s t and-  
i n g  ones f o r  a more thorough weight a n a l y s i s .  

A.  NAA S t u d i e s  

The Space and Informat ion  D i v i s i o n  of North American 
Av ia t ion ,  Inc .  completed a comprehensive s tudy3  i n  1966 on var -  
i o u s  bulkhead c o n f i g u r a t i o n s .  Four teen  bulkhead concep t s  
d e s c r i b e d  i n  t h i s  s t u d y  were a p p l i c a b l e  t o  a launch  v e h i c l e  
s t r u c t u r e ,  and f i v e  c o n f i g u r a t i o n s  were e v a l u a t e d  f o r  ap- 
p l i c a b i l i t y  t o  a m u l t i - f l o o r  miss ion  module o f  a Mars-Venus F l y b y  
System. These f i v e  bulkhead c o n f i g u r a t i c n s ,  as shown i n  F ig .  2 ,  
are t h e  f l a t  honeycomb, the e l l i p s o i d a l  bulkehad,  t h e  modif ied 
semi - to ro ida l  bulkhead,  the shal low domapbulkhead as w e l l  as t h e  
membranes suppor ted  by t h e  r a d i a l  beams. The e s t i m a t e d  weights  
of these  bulkheads a r e  l i s t e d  i n  Table 1. I n  t h e  o r i g i n a l  NAA 
r e p o r t  t he  data g iven  were t h e  r e q u i r e d  weights  o f  t he  bulkhead 
i t s e l f ,  I n  o r d e r  t o  make t h e s e  data c o n s i s t e n t  w i t h  CMM d e s i g n  
weight  of  t h e  a s s o c i a t e d  o u t e r  wall  ( c a l c u l a t e d  on t h e  basis of 3 

2 l b / f t  ) i s  added and t h e  t o t a l  weight i s  g iven  i n  t h e  l a s t  row 
of Table  1. 

It can be s e e n  t h a t  t h e  modif ied semi - to ro ida l  bulk- 
head i s  t h e  l i g h t e s t  w h i l e  t h k  f l a t  honeycomb i s  second. 
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The NAA bulkhead s tudy  concluded w i t h  t h e  fo l lowing  
s e n t e n c e s :  

"The s t u d y  has shown tha t  modi f ied  semi- 
t o r o i d a l  bulkhead concept  can b e  a p p l i e d  t o  
advantage i n  crew compartment of advanced space-  
c r a f t .  
manned module o f  a Mars-Venus Flyby System, t h i s  
concept  l e d  t o  a des ign  w i t h  maximum u s a b l e  vo l -  
ume a t  minimum weight i n c r e a s e ,  as compared w i t h  
t h e  s p h e r i c a l  module s t u d i e d  by NASA/MSFC and 
c y l i n d r i c a l  module w i t h  o t h e r  bulkhead geomet r i e s .  
Furthermore,  t h e  mission module d e s i g n  w i t h  t h e  
modif ied semi - to ro ida l  bulkhead i s  e a s i l y  i n -  
t e g r a t e d  w i t h  t h e  launch  v e h i c l e  and t h e  o t h e r  
s p a c e c r a f t  modules, and i s  compatible  w i t h  i n c o r -  
p o r a t i o n  of  docking p r o v i s i o n s ,  a i r l o c k ,  r a d i a t i o n  
' 'storm c e l l a r , "  and  an  i n t e r n a l  c e n t r i f u g e  .I1 

However, i n  t h e  f i n a l  Report  o f  "The Study o f  Manned 
P l a n e t a r y  F l y b y  Missions Based on Saturn/Apollo Systems" f l a t  
bulkheads were recommended f o r  t h e  crew compartment of  t h e  Mars- 
Venus f l y b y  s p a c e c r a f t .  The r easons  g i v e n  f o r  t h i s  change are 
t h a t  t h e  f l a t  bulkhead provides  a f u l l  u t i l i z a t i o n  of  t h e  a v a i l -  
able c a b i n  volume and o f f e r s  a f l a t  s u r f a c e  f o r  mounting equip-  
ment and c o n t e n t s  of t h e  module. 

When inco rpora t ed  i n  t h e  des ign  o f  t h e  

Two t y p e s  of  c o n s t r u c t i o n a l  concepts  were i n v e s t i g a t e d  
f o r  t h e  f l a t  bulkhead des ign ;  t h e y  are (1) aluminum honeycomb 
and ( 2 )  r i n g - s t i f f e n e d  s k i n  suppor ted  by r ad ia l  beams. These 
concep t s  are  i d e n t i c a l  w i t h  concepts  G and I ,  r e s p e c t i v e l y ,  as 
shown i n  F ig .  l b  a n d - a r e  d i scussed  i n  t h e  last s e c t i o n  of t h i s  mem- 
orandum. A p a r a m e t r i c  a n a l y s i s  of  bulkhead weight op t ima t ion  
f o r  t h e  Radial  Beam c o n f i g u r a t i o n  r e s u l t e d  i n  a u n i t  weight of 

about  3.0 l b / f t  f o r  a 260-inch d i ame te r  module w i t h  a 3 f t  
d i ame te r  t u n n e l  a t  t h e  c e n t e r .  The r i n g - s t i f f e n e d  r a d i a l  beam 
bulkhead was recommended because t h e  des ign  o f f e r s  hard p o i n t s  
a t  t h e  r i n g s  and t h e  beams f o r  equipment mounting as w e l l  as 
easy r e p a i r  o f  s t r u c t u r a l  damage. 

2 
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I n  t h e  "Modular Mult ipurpose Space S t a t i o n  S tudyqf5 ,  b y  
t h e  Lockheed Co., two v e r s i o n s  o f  t h e  one-compartment l a b o r a t o r y  
module were des igned ,  one wi th  a honeycomb f l a t  bulkhead and one 
w i t h  an  i n t e g r a l  beam bulkhead. The i n t e g r a l  beam c o n f i g u r a t i o n  
i s  s imi la r  t o  concept J o f  Fig.  l b .  I n  t h e  f i n a l  v e r s i o n  o f  t h e  
l a b o r a t o r y  module, t h e  i n t e g r a l  beam bulkhead was adopted  because 
t h e  beam des ign  was l i g h t e r .  A breakdown o f  t h e  estimated bulk-  
head weight  f o r  a 183-in diameter module i s  g iven  i n  T a b l e  2 .  

C .  Boeing Study 

I n  t h e  Boeing "Saturn V S i n g l e  Launch Space S t a t i o n  and 
Observatory F a c i l i t y  S tudyt t6 ,  f i a t  bulkheads were s e l e c t e d  f o r  
a 33 f t  d iameter  s t a t i o n  w i t h  a 1 5  f t  diameter co re  module. The 
bulkhead c o n f i g u r a t i o n  s e l e c t e d  i s  s i m i l a r  t o  t h e  concept  H o f  
F ig .  l b .  

The Boeing r e p o r t  mentioned t h a t  du r ing  t h e  s tudy  
s e v e r a l  bu lkhtad  shapes and s t i f f e n i n g  methods were i n v e s t i g a t e d .  
S p h e r i c a l  bulkheads were compared t o  e l l i p t i c a l  and f l a t  bulk-  
heads. The weight d i f f e r e n t i a l s ,  i n c l u d i n g  s k i r t  we igh t s ,  were 
found to be ra ther  small i f  t h e  f l a t  bulkheads were r e i n f o r c e d  
w i t h  t e n s i o n  t i e s .  I n  r e a l i t y ,  t h e  we igh t  p e r  u n i t  o f  usab5e 
volume was found t o  be l e s s  f o r  f l a t  bulkheads t h a n  f o r  s p h e r i c a l  
bu lkheads .  

v. A N A L Y S I S  AND WEIGHT ESTIMATES OF SELECTED CONFIGURATIONS 

A b r i e f  conclus ion  can be drawn from t h e  d i s c u s s i o n s  
p r e s e n t e d  i n  t h e  two previous  s e c t i o n s  t h a t  t h e  e l l i p t i c a l - t o r o i d a l  
bulkhead s t a n d s  o u t  as t h e  most a t t r a c t i v e  cand ida te  among t h e  
curved  bulkhead c o n f i g u r a t i o n s  p r i m a r i l y  due t o  i t s  weight s av ing  
p o t e n t i a l .  The f l a t  bulkhead c o n f i g u r a t i o n  i s  f avored  i n  s o  far 
as t h e  geometr ic  f a c t o r  i s  concerned. However, t h e  r e l a t i v e  weight-  
s a v i n g  p o t e n t i a l s  of t h e  va r ious  f l a t  bulkhead concepts  are n o t  
r e a d i l y  seen .  

F ive  c o n f i g u r a t i o n a l  c a n d i d a t e s ,  i n c l u d i n g  t h e  e l l i p t i c a l -  
t o r o i d a l  bulkhead and f o u r  v e r s i o n s  of  f l a t  bulkheads,  were s e l e c t -  
ed  f o r  a more de t a i l ed  a n a l y s i s  as we31 as f o r  weight e s t i m a t i o n .  
These f i v e  c o n f i g u r a t i o n s  correspond t o  concept B ,  G ,  H ,  J and K 
which have been d i s c u s s e d  i n  t he  p rev ious  s e c t i o n s .  

Obviously, a l a r g e  number of  d i f f e r e n t  materials can be 
a p p l i e d  t o  a bulkhead s t r u c t u r e  and v a r i o u s  methods can be used 
%or the  a n a l y s i s .  With t h i s  i n  mind, an  e f f o r t  has been made t o  
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prov ide  a c o n s i s t e n t  s e t  o f  weight e s t i m a t e s .  The s t r u c t u r a l  
material f o r  a l l  t h e  bulkheads i s  2014-T6 aluminum, whose spec-  
i f i c a t i o n  i s  given i n  S e c t i o n  2 of t h i s  memorandum, and t h e 2  
u n i t  weight of t h e  CMM o u t e r  wall i s  assumed t o  be 3 l b s / f t  . 

P e r t i n e n t  equa t ions ,  t h e  assumed load  d i s t r i b u t i o n s  
on t h e  members of t h e  bulkhead s t r u c t u r e  and some o f  t h e  key 
t echn iques  used i n  t h e  ana lyses  are g iven  i n  t h e  Appendix of  
t h i s  memorandum. 

A b r i e f  d i s c u s s i o n  of t h e  h i g h l i g h t s  of  t h e  a n a l y s i s ,  
t h e  des ign  f e a t u r e s ,  and the  e s t ima ted  weights  f o r  each  of t h e  
f i v e  s e l e c t e d  bulkhead c o n f i g u r a t i o n s  are p resen ted  i n  t h e  
f o l l o w i n g  paragraphs. 

A.  E l l i p t i c a l - T o r o i d a l  Bulkhead (Concept B )  

The method o f  a n a l y s i s  used on t h i s  s t r u c t u r e  i s  s i m -  
i l a r  t o  t h a t  g iven  by Reference 2 .  Weight i s  e s t ima ted  under 
t h e  assumption t h a t  t h e  bulkhead i s  a monocque s h e l l  s t r u c t u r e ;  
and t h e  t h i c k n e s s  of t h e  s h e l l  i n  t h e  r e g i o n  under c i r c u m f e r e n t i a l  
compression i s  governed by buckl ing  c r i t e r i o n  g iven  i n  t h e  
Appendix. 

The t o t a l  s t r u c t u r a l  weight of t h e  bulkhead and t h e  
a s s o c i a t e d  o u t e r  wall  depends upon t h e  crown height  o f  t h e  
s e m i - e l l i p t i c a l  t o r o i d .  With an o u t e r  wall weight of 3 l b s /  

f t  t h e  t o t a l  weight minimizes w i t h  a crown he igh t  of 38 i n c h e s .  
A breakdown of t h i s  estimated minimum weight i s  g iven  as f o l l o w s :  

2 

S e m i - e l l i p t i c a l  Toroid 175 l b s  

Ring ( a t  c e n t r a l  a i r l o c k )  30 l b s  

C e n t r a l  p l a t e  and ha tch  50 l b s  

Outer  Wall 645 l b s  

TOTAL 900 l b s  

It should be noted  t h a t  t h e  she l l  membrane has a 
minimum t h i c k n e s s  of 0 .022  i n .  Should any eng inee r ing  consid- 
e r a t i o n s  o t h e r  t han  t h e  i n t e r n a l  p r e s s u r e  r e q u i r e s  a h ighe r  va lue  
of minimum t h i c k n e s s ,  t h e  weight of  the  s t r u c t u r e  would be 
i n c r e a s e d  acco rd ing ly .  
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B. Honeycomb Sandwich S l a b  (Concept G) 

The a n a l y s i s  o f  a honeycomb sandwich s lab i s  performed 
on t h e  basis t h a t  t h e  c i r c u l a r  s lab w i t h  a c e n t r a l  c i r c u l a r  h o l e  
60 i n c h  i n  d iameter  i s  s imply suppor t ed  on b o t h  edges and loaded 
uni formly  over  t he  e n t i r e  s u r f a c e .  

The sandwich s l ab  i s  6 1 / 2  i n c h  deep and the  f a c e  
s h e e t s  have a t h i c k n e s s  of 0,030 i n .  The estimated weights  of  
t he  slab and i t s  a s s o c i a t e d  s t r u c t u r e s  are:  

Facings 254 l b s  

Honeycomb Core 7 0 8  l b s  

Adhesive 58 l b s  

Tolerance  ( I n s e r t s ,  Edgings,  e t c . )  50 l b s  

Hatch 25 l b s  

Rings 4 2  l b s  

Outer  Wall 

TOTAL 

83 l b s  

1 2 2 0  l b s  

It should  be mentioned t h a t  t h e  t o t a l  weight g iven  
above does not  i n c l u d e  t h a t  o f  any heavy i n s e r t  o r  re inforcement  
which might be  needed f o r  equipment mounting. 

C .  S t i f f e n e d  S k i n  Supported by  I n t e r c o n n e c t e d  Beams (Concept J )  

The methods a p p l i e d  t o  ana lyze  t h i s  c o n f i g u r a t i o n  a r e  
5 similar t o  t h o s e  used i n  the  Lockheed Study . 

The bulkhead i s  composed of a s k i n  0.042 i n .  t h i c k  
w i t h  i n t e g r a l l y  b u i l t  s t i f f e n e r s ,  spaced 4 i n c h e s  apart and 
a s e t  of  i n t e r c o n n e c t e d  bu i l t -up  beams. The h e a v i e s t  beams a r e  8 
i n c h e s  i n  depth .  Four p o s t s ,  t i e i n g  t h e  bulkheads t o g e t h e r  n e a r  
t h e  c e n t e r ,  are b u i l t  i n t e g r a l l y  i n t o  the a i r l o c k  t u b e .  The 
beams t e rmina ted  a t  the  main p r e s s u r i z e d  c y l i n d r i c a l  w a l l  are 
assumed t o  be pin-supported by a one-piece machined r i n g  w i t h  
a channel  c r o s s  s e c t i o n .  
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The weights  of the bulkhead and i t s  a s s o c i a t e d  s t r u c -  
t u r e s  are estimated as: 

Sk in  190 l b s  

S t i f f e n e r s  160 l b s  

Beams 528 l b s  

Ring 83 l b s  

Hatch 2 5  l b s  

J o i n t s ,  S p l i c e s ,  Tolerances ,  e t c .  50 l b s  

P o s t s  22  Ibs 

Outer  w a l l  1 0 2  l b s  

TOTAL 1 1 6 0  l b s  

D.  S t i f f e n e d  Sk in  Supported by Radia l  Beams (Concept H )  

and a maximum s t i f f e n e r  spacing o f  4 i n . ;  a l l  t h e  r ad ia l  
beams are 7 i n .  deep and assumed t o  be p in-suppor ted  by t h e  
r i n g s  a t  t h e  c y l i n d r i c a l  wall and a t  t h e  a i r l o c k  tube .  E s t i m a t e d  
we igh t s  are:  

Sk in  182 l b s  

T h i s  bulkhead a l s o  has a s k i n  t h i c k n e s s  o f  0.042 i n .  

S t i f f e n e r s  200 l b s  

Radial  B e a m s  400 lbs 

Rings 1 0 4  l b s  

Hatch 25 l b s  

J o i n t s ,  S p l i c e s ,  Tolerances ,  e t c .  50 l b s  

Outer  wall  89 l b s  

TOTAL 1050 l b s  

E .  T r i a n g u l a r  Sandwich Panels  Supported by I n t e r c o n n e c t e d  Beams 
(Concent K) 

The t r i angu la r - shaped  sandwich p a n e l s ,  con t inuous  
ove r  t h e  s u p p o r t s ,  are  analyzed under  t he  assumption t h a t  i t  i s  
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C O N F I G U R A T I O N  

an i s o s c e l e s  r i g h t  t r i a n g l e  simply suppor ted  a long  the  edges .  
I n  t h i s  a n a l y s i s ,  the  e f f e c t  of beam d e f l e c t i o n  i s  ignored  f o r  
i t  i s  cons ide red  t o  be o f f s e t  by the e f f e c t s  o f  t h e  c o n t i n u i t y  
over  t he  suppor t ing  edges ,  

WEIGHT OF BULKHEAD AND 
ASSOCIATED OUTER WALL ( I N  LBS) 

The sandwich p l a t e  i s  1 i n .  t h i c k  and the maximum 
dep th  of t h e  beams i s  5 i n . ,  It has been no ted  i n  t h e  
course  of a n a l y s i s  t ha t  a s imple load  d i s t r i b u t i o n ,  w i t h  each  beam 
c a r r y i n g  an  a p p l i e d  c a b i n  p r e s s u r e  midway t o  t h e  a d j a c e n t  beams, 
would g i v e  approximately the same load ing  c o n d i t i o n s  as t h o s e  
o b t a i n e d  by a more e l a b o r a t e d  a p p l i c a t i o n  of  p l a t e  t h e o r y .  T h i s  
f a c t  can b e  seen  from the  loading  diagrams shown i n  F i g u r e  A - 1 2  
t o  F i g u r e  A - 1 4  

H 

K 

The estimated weights  are g i v e n  as f o l l o w s :  

1,050 S t i f f e n e d  Skin  Supported by 
Radial  Beams 

T r i a n g u l a r  Sandwich Panels  
Supported by In t e rconnec ted  985 
Beams 

Honeycomb Sandwich S lab  320 l b s  

Beams 415 l b s  

Ring 84 l b s  

Tension t i e s  26 l b s  

Hatch 25 l b s  

I n s e r t s ,  F a s t e n e r s ,  e t c .  50 l b s  

Outer  w a l l  64 l b s  

TOTAL 985 l b s  

The r e s u l t s  of  t he  weight estimates f o r  t h e  f i v e  
s e l e c t e d  bulkhead c o n f i g u r a t i o n s  a r e  summarized i n  Table  3 .  

CONCEPT 

B I E l l i p t i c a l - T o r o i d a l  Bulkhead I 900 

1 , 2 2 0  I G I Honeycomb Sandwich S l a b  
~~ 

S t i f f e n e d  Sk in  Supported by 
In t e rconnec ted  Beams 1,160 

TABLE 3. Bulkhead Weight Estimates 
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It can be  seen  that  the maximum d i f f e r e n c e  i n  weight 
among t h e  f i v e  c o n f i g u r a t i o n s  s t u d i e d  i s  320 l b s ,  o r  about  35% 
of t h e  smallest va lue .  The e l l i p t i c a l - t o r o i d a l  bulkhead a l lows  
t h e  smallest t o t a l  weight bu t  when i t  i s  compared w i t h  t h e  
t r i a n g u l a r  sandwich pane l s  or  t he  rad ia l  beam f l a t  bulkhead,  
t h e  amondt of  weight saved i s  only moderate. The t r i a n g u l a r  
sandwiah p a n e l s  i s  t h e  second l i g h t e s t  one,  y e t  i t  r e q u i r e s  t h e  
use  o f  t e n s i o n  t i es  which may no t  be d e s i r a b l e .  

V I .  CMM APPLICATION 

Many combinations of  bulkheads can be i n c o r p o r a t e d  
i n t o  t he  des ign  of  t h e  CMM s t r u c t u r e .  It i s  t h e  purpose of  t h i s  
s e c t i o n  t o  show i n f l u e n c e  of bulkhead c o n f i g u r a t i o n  on t h e  t o t a l  
weight of  a CMM s t r u c t u r e .  

I n  a d d i t i o n  t o  t h e  g e n e r a l  g u i d e l i n e s  and c o n s t r a i n t s  
s ta ted  i n  S e c t i o n  I1 of  t h i s  memorandum, i t  i s  f u r t h e r  assumed 
t h a t  two separate, p r e s s u r i z e d  compartments are r e q u i r e d  i n  
t h e  CMM s t r u c t u r e .  The main compartment has a minimum head- 
room of 6 1 / 2  f t  and i s  p r e s s u r i z e d  w i t h  GO2 t GN2 atmospheres 
a t  7 p s i .  A smaller compartment w i t h i n  which t h e  atmosphere 
i s  GN2 a t  7 p s i ,  s h a l l  provide space needed f o r  housing sub- 
sys t ems .  Furthermore,  t h e  CMM has an unpres su r i zed  s e c t i o n  
large enough t o  s t o r e  cryogenic  t anks  w i t h  a maximum diameter 
of 3 1 / 2  f t .  

Four d i f f e r e n t  CMM c o n f i g u r a t i o n s  are formula ted  as 
shown i n  F igu re  3 and t h e  estimated s t r u c t u r a l  weights are 
related i n  Table  4 .  The s t r u c t u r a l  weights l i s t e d  i n  t h i s  table  
are e s t i m a t e d  based on an unpressur ized  o u t e r  w a l l  weight of  
3 l b s / f t 2 .  

I n  t h e  fo l lowing ,  a b r i e f  d e s c r i p t i o n  i s  g iven  on t h e  
g e n e r a l  l a y o u t  of these f o u r  CMM c o n f i g u r a t i o n s :  

Conf igura t ion  I: E l l i p t i c a l - t o r o i d a l  bulkheads a r e  used 
i n  t h i s  conf igura t - ion .  The c e i l i n g  and the  f l o o r  are 
c o n s t r u c t e d  of s k i n  and beam t y p e  of s t r u c t u r e .  The space  
between t h e  upper bulkhead and c e i l i n g  are sealed t o  form 
a subsystem compartment. S e v e r a l  ha t ches  w i l l  be i n s t a l l -  
ed on t h e  c e i l i n g ;  and t h e  cryogenic  t a n k s  are suppor ted  
by t h e  o u t e r  c y l i n d r i c a l  wall .  The e n t i r e  p r e s s u r i z e d  
c o n t a i n e r  i s  suspended from a f i e l d - j o i n t  r i n g  o f  t h e  
o u t e r  c y l i n d e r .  

Conf igura t ion  11: Radial-beam f l a t  bulkheads are a p p l i e d  
i n  t h i s  c o n f i g u r a t i o n .  The subsystem compartment and t h e  
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main compartment are s e p a r a t e d  by a f l a t  c e i l i n g  similar 
i n  c o n s t r u c t i o n  t o  that  o f  c o n f i g u r a t i o n  I .  
can be t i e d  t o  the upper bulkhead which a l s o  s u p p o r t  the  
cryogenic  t a n k s  l o c a t e d  o u t s i d e  of  the p r e s s u r i z e d  con ta in -  
e r .  I n  g e n e r a l ,  bulkhead o f  r ad ia l  beams c o n s t r u c t i o n  i s  
recommended over  a honeycomb sandwich s t r u c t u r e  n o t  on ly  
because of  i t s  weight  saving p o t e n t i a l  b u t  a l s o  because it 
p rov ides  b e t t e r  equipment mounting s u p p o r t s .  Furthermore,  
it a s s u r e s  easy  d e t e c t i o n  and r e p a i r  o f  any s t r u c t u r a l  
damage 

Subsystems 

Conf igu ra t ion  111: T h i s  c o n f i g u r a t i o n  i s  a h y b r i d  be ing  
composed of  a combination of a f l a t  bulkhead and an  
e l l i p t i c a l - t o r o i d a l  bulkhead. 
r ad ia l  beam c o n s t r u c t i o n  p rov ides  easy suppor t  f o r  
tankage as w e l l  as p i ck  up p o i n t s  f o r  t h e  suspens ion  o f  
t h e  p r e s s u r i z e d  c o n t a i n e r .  The compartment a d j a c e n t  t o  
t h e  lower curved bulkhead can be  used t o  house t h e  subsys- 
tems; and t h e  p a r t i t i o n  f l o o r  can p rov ide  s t r u c t u r a l  
suppor t  f o r  equipments housed i n  bo th  t h e  main compartment 
and t h e  subsystem compartment. 

The upper f l a t  bulkhead of  

Conf igu ra t ion  I V :  Th i s  s t r u c t u r e  i s  s imilar  t o  conf igura-  
t i o n  I.  I n  t h i s  case ,  t h e  c e i l i n g  i s  e l i m i n a t e d ,  t he reby  
s h o r t e n i n g  t h e  o v e r a l l  l e n g t h  of t he  CMM. The space  below 
t h e  f l a t  f l o o r  i s  used as subsystem compartment as i n  
c o n f i g u r a t i o n  111. Due t o  l a c k  o f  r i g i d i t y  o f  t h e  pres- 
s u r i z e d  i n n e r  s t r u c t u r e ,  it i s  necessa ry  i n  t h i s  conf ig-  
u r a t i o n  t o  use  e x t r a  t e n s i o n  t i e s  du r ing  launch  8 S  
shown by t h e  d o t t e d  l i n e s  i n  F igu re  3b. 

It i s  shown i n  Table  4 t h a t  c o n f i g u r a t i o n  I V  o f f e r s  a 
s t r u c t u r e  which i s  t h e  l i g h t e s t  i n  weight when t h e  o u t e r  
wall has a u n i t  weight o f  3 l b s / f t  . The s t r u c t u r e  d e f i n e d  
by c o n f i g u r a t i o n  I11 i s  s l i g h t l y  h e a v i e r ,  and c o n f i g u r a t i o n  
I1 i s  t h e  h e a v i e s t  o f  a l l .  Neve r the l e s s ,  t h e  d i f f e r e n c e s  
among t h e  f o u r  c o n f i g u r a t i o n s  are a l l  less  t h a n  10% of  t h e  
l i g h t e s t  one. 

2 

When the  o u t e r  wall weight i s  i n c r e a s e d ,  c o n f i g u r a t i o n  
I V  becomes h e a v i e r  t h a n  c o n f i g u r a t i o n  I1 and 111. For  a n  o u t e r  
w a l l  weight  ranging  from 5 t o  11 l b s / f t 2  c o n f i g u r a t i o n  I11 g i v e s  
t he  l i g h t e s t  s t r u c t u r e .  I f  the  weight of t h e  o u t e r  w a l l  f u r t h e r  
imcreases ,  con f igu ra t ion  I1 becomes l i g h t e s t  as can be seen  
i n - f i g u r e  4 .  

It i s  no ted  t h a t ,  i n  app ly ing  c o n f i g u r a t i o n  I V ,  
there  i s  a s u b s t a n t i a l  weight p e n a l t y  f o r  a d d i t i o n a l  
s u p p o r t i n g  s t r u c t u r e s  a s s o c i a t e d  w i t h  t he  c ryogenic  t a n k s  which 
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i n  t h i s  c a s e  are  n e c e s s a r i l y  t i e d  t o  t h e  o u t e r  wal l .  Fu r the r -  
more, s t r u c t u r e  needed f o r  mounting equipment i n s i d e  o f  t h e  
main compartment may prove c o s t l y  i n  t h e  a c t u a l  c o n s t r u c t i o n  of  
t h e  CMM s t r u c t u r e .  On t h e  o t h e r  hand, c o n f i g u r a t i o n  I11 posses s -  
es most of t h e  prominent f e a t u r e s  o f  a f l a t  bulkhead c o n f i g u r a t i o n .  

Conclusion 

It i s  t h e r e f o r e  concluded t h a t  f o r  a CMM w i t h  moderate  
2 o u t e r  wall  weight  ( l e s s  t h a n  1 0  l b s / f t  ) t h e  h y b r i d  c o n f i g u r a t i o n  

I11 i s  a promis ing  one and f o r  a CMM w i t h  a very  heavy o u t e r  wal l  
t h e  f l a t  bulkhead c o n f i g u r a t i o n  I1 i s  d e f i n i t e l y  t h e  bes t  cho ice .  
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APPENDIX 

BULKHEAD STRUCTURE ANALYSIS 

The key e q u a t i o n s  and l o a d  d i s t r i b u t i o n s  as w e l l  as 
t h e  pr imary s t e p s  used f o r  stress a n a l y s i s  of t h e  bulkhead 
s t r u c t u r e s  a r e  summarized as fo l lows:  

1. E l l i p t i c a l - T o r o i d a l  Bulkhead ( F i g .  A - 1 )  

A d e t a i l e d  a n a l y s i s  of  t h i s  s h e l l  s t r u c t u r e  can  be 
found i n  Reference 2 .  The mer id iona l  f o r c e ,  
N hd and t h e  c i r c u m f e r e n t i a l  membrane f o r c e ,  

are de f ined  as 

a N e  

o r  
1 

1 
( x  t 2 f ) a  b 

4 2  1 - ( x  t f ) ( a 4 y 2  + b 

2 , 2(x + f ) ( a 4 y 2  t b4x2)  b x  
N e h d  - p 

(1.4) 

The maximum s t ress  n e a r  the j o i n t  between t h e  
bulkhead and t h e  a i r l o c k  tube  i s  

(N lhd  
(4, hd = e + cg2g Eh [ ( N  e s  )hd - (Ne)zy]e-'sin $ (1 .5 )  

max 
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where 

p = I n t e r n a l  p r e s s u r e  

x, y = C a r t e s i a n  c o o r d i n a t e s  of a n  a r b i t r a r y  
p o i n t  

9 ,  e = S p h e r i c a l  c o o r d i n a t e s  of  an  a rb i t ra ry  
p o i n t  

hd 
( N e ) s  
f o r c e  i n  t he  bulkhead and i n  t h e  a i r l o c k  c y l i n d e r  
a t  t h e  j u n c t i o n  S, r e s p e c t i v e l y .  I n  t h e  r e g i o n  
where t h e  c i r c u m f e r e n t i a l  f o r c e  becomes compression, 
t he  p o s s i b i l i t y  of  buckl ing  i s  examined by t h e  r e l a t i o n  

and (Ne)iY are t h e  c i r c u m f e r e n t i a l  membrane 

where 

h = w a l l  t h i c k n e s s  

(1.6) 

2.  Honeycomb Sandwich S l a b  CFig. A - 2 )  

I n  a c i r c u l a r  f l a t  p l a t e  w i t h  a c o n c e n t r i c  c i r c u l a r  
h o l e  and s i m p l e  suppor t s  a t  b o t h  edges,  the  maximum 
moment i n  the r a d i a l  d i r e c t i o n  and t h e  s h e a r i n g  f o r c e s  
a t  the edges,  induced by a uniform t r a n s v e r s e  l o a d  p 
over  the e n t i r e  p l a t e ,  can be expres sed  as9: 
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1 2 Mmax = 5 Bpa 

.r = kpa 

- 3 -  

where 

h = t h i c k n e s s  of the p l a t e  
a when - = 4 b 

We have 

B = 0.3666 

k ( a t  o u t e r  edge) = 0.2866 

k ( a t  i n n e r  edge) = 0 . 7 2 9 7  

The stresses i n  a honeycomb sandwich slab ( F i g .  A - 3 )  
under  a bending moment M and a shear f o r c e  T as g i v e n  
by E q s  ( 2 . 1 )  and ( 2 . 2 )  a r e l o  

Maximum Facing  S t r e s s  

2 - M -  1 Bpa 
u f - t c t f -  '6 

Core Shear 

' c =  2.r =kpa 
c t + t c  t + tc 

( 2 . 3 )  

( 2 . 4 )  

3. S t i f f e n e d  S k i n  Supported by I n t e r c o n n e c t e d  B e a m s  
( F i g .  A-4) 

The s k i n  p a n e l s  w i t h  maximum width of  4 i n .  between 
t h e  s t i f f e n e r s  a r e  analyzed as f i x e d  ended beams. 
The T-shaped i n t e g r a l  s t i f f n e s s  as w e l l  as beams 1, 
2 and 3 are a l s o  assumed t o  be f i x e d  ended w i t h  load-  
i n g s  as shown i n  Fig.  A-5 .  Beam 4 i s  s imply suppor t -  
ed and i t s  mode of l o a d i n g  i s  shown i n  F i g .  A-6. 
Beam 5, 7 i n c h  i n  depth,  i s  assumed t o  b e  a l s o  simply 
suppor t ed  a t  t h e  o u t e r  ends y e t  cont inuous  o v e r  t h e  
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i n t e r m e d i a t e  suppor t s .  The moments a t  these interme- 
d i a t e  s u p p o r t s  under t h e  load ing  shown i n  F i g .  A-7  
can be c a l c u l a t e d  by the theo ry  of t h r e e  moments as:  

( 3 . 1 )  6A2X2 - 6A1X1 
L1 L2 

MALl + 2MB(L1 + L 2 )  + McL2 = - 

- - 1 
MB - Mc - 2L1 t 3L2 ( 3 . 2 )  

4 .  S t i f f e n e d  Skin  Supported by Radial Beams (F ig .  A - 8 )  

The s k i n  p a n e l s  and t h e  s t i f f e n e r s  between t h e  beams 
are ana lyzed  as f i x e d  ended beams w i t h  t h e  s i z e  of 
t h e  s t i f f e n e r  v a r i e d  accord ing  t o  i t s  l e n g t h .  The 
load ing  on t h e  simply suppor t ed  r a d i a l  beams i s  g i v e n  
by F i g .  A-9 and t h e s e  beams are 7 i n c h e s  i n  dep th  

5. T r i a n g u l a r  Sandwich Pane l s  Supported by I n t e r c o n n e c t e d  
Beams (F ig .  A-10) 

When a s imply suppor ted  i s o s c e l e s  r i g h t  t r i a n g u l a r  
p l a t e  i s  under  t r a n s v e r s e  uniform l o a d  p as shown i n  
F i g .  A - 1 1 ,  t h e  maximum moment i s  9 

( 5 . 1 )  2 Mmax = 0 . 0 2 1 5  p a  

The d e f l e c t i o n  of  the p l a t e  can be expres sed  as’’: 

s i n  mrx n s i n  - a a 
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where 

D =  Eh3 
1 2 ( 1 - v 2 )  

i s  the  f l e x u r a l  r l g i d i t y  of  t h e  p l a t e .  
f o r c e s  d i s t r i b u t e d  along the edges AB and AC can b e  
expres sed  as 

The r e a c t i o n a l  

and t h e  concen t r a t ed  r e a c t i o n  a t  c o r n e r  A i s  

RA = 2(Mxy) x=o,y=o 

where 

3 

The r e a c t i o n a l  f o r c e s  a long  t h e  edge BC can be 
ob ta ined  by s u b s t i t u t i n g  the  fo l lowing  r e l a t i o n s  
i n t o  Eq .  ( 5 . 2 )  

x = xlcosa  - y l s i n a  = $(xl-yl) 

y = x l s i n a  t y coscr = e ( x  +y 1 2 1 1  

Then w e  have 

( 5 . 4 )  

(5 .7 )  
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The r e a c t i o n a l  f o r c e s  are, t h e r e f o r e ,  

a a 
J'i- fi Rc = RB = (.xy) x=O,y=a + (M'lyl)X1= - 9 Y 1 =  - 

(5 .11)  

After the maximum moment and maximum s h e a r i n g  
f o r c e s  are ob ta ined ,  t h e  des ign  o f  t h e  sandwich 
p a n e l s  can be executed  by app ly ing  E q s .  ( 2 . 3 )  

The l o a d i n g s  a p p l i e d  i n  t h e  a n a l y s e s  o f  t h e  beams are 
shown i n  s o l i d  l i n e s  of  F igs .  A - 1 2  t o  A - 1 4 .  These s i m p l i f i e d  
l o a d i n g  c o n d i t i o n s  were ob ta ined  by a s sun ing  t h a t  t h e  pressure 
a c t i n g  on t h e  p l a t e  p a n e l s  a r e  r e a c t e d  by t h e  beams accord ing  
t o  t h e  load  d i s t r i b u t i o n  p a t t e r n  g i v e n  by t h e  d o t t e d  l i n e s  o f  
F i g .  A - 1 0 .  I f  t h e  r e a c t i o n s  of  t he  p a n e l s  were c a l c u l a t e d  by 
app ly ing  t h e  p la te  t h e o r y  as g iven  by E g s .  ( 5 . 3 ) ,  ( 5 . 4 )  and ( 5 . 1 0 ) ,  
t he  l o a d i n g s  on the  beams would be t h o s e  g i v e n  by t he  d o t t e d  
l i n e s  i n  t h e  diagrams.  The theory  of  three moments a re  t h e n  ap- 
p l i e d  t o  o b t a i n  t h e  moments over  t he  i n t e r m e d i a t e  s u p p o r t s  of  t h e  
con t inuous  beams similar t o  t h a t  d e s c r i b e d  p r e v i o u s l y  i n  connect-  
i o n  w i t h  Eq. ( 3 . 1 ) .  
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ITEM 

P r o v i s i o n  

T o l e r a n c e s ,  F i l l e t s  
e t c .  

i 

I Pressure  S k i n  
I 
I 

I 1 Honeycomb Core 

I 1 Foam A t t a c h  Rings 
i & Cross  Members 

I 
1 Adhesive 
I 

i 

1 Beams 
I 
I S t i f f e n e r s  
i 

TOTAL ( n o t  i n c l u d i n g  
Docking Ring 

HONEYCOMB 
SANDWICH 

4.0-INCH DEPTH 

U N I T  
IETAIL 

. 0 5  A 1  
? r e q u i r e d  

1.2 1 b / f t j 3  
5.25 l b / f t  

L7.0 l b / f t 3  
? 3/8" t h i c k  

.1 l b / f t 2 /  
face 

piber Glass  

10% 

258 

230 
26 

18 

35 

1 4  

15 

59 

653 

BEAM SUPPORTED 
INTEGRALLY STIFFENED 

SKIN 

UNIT 
DETAIL 

.04 A 1  
1 r e q u i r e d  

A 1  P o l e s  

15% 

104 

234  

72  

20 

1 7  

70 

517 

NOTE: (1) A s a fe ty  f a c t o r  2 i s  a p p l i e d  t o  t h e  u l t i m a t e  s t r e n g t h  of t h e  
materials.  

( 2 )  U l t i m a t e  S t r e n g t h  of t h e  materials:  I n t e g r a l  f l o o r  - 85,000 p s i  
lower f l a n g e  o f  

t h e  beams - 75,000 p s i  

TABLE 2 Weight Estimates For  A 183-in.  Diameter Labora tory  
Module Prepared  By Lockheed 
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FLAT HONEYCOMB SANDW I CH 
G 

STI  FFENED SKIN 
SUPPORTED BY RADIAL BEAMS 

H 

RING STI FFENED SKIN 
SUPPORTED BY RADIAL BEAMS 

I 

STI  FFENED TR I ANGULAR SANDW I CH PANELS 
SKIN SUPPORTED BY BEAMS SUPPORTED BY I NTERCONNECTED 

AND TENSION T I E S  BEAMS 
J K 

FIGURE Ib - FLAT BULKHEAD CONCEPTS 



( I )  FLAT HONEYCOMB BULKHEAD 

(2)  ELL1 P T I C A L  BULKHEAD 

t = 0. 13" 
t t = 0.045" <A- 

I 

*60"- 13011 
4 c R= 1480" 4 c 

60". 130" 

-0 

( 3 )  M O D I F I E D  SEMI-TOROIDAL 
BULKHEAD 

I t = 0.032" 
I 

(5) MEMBRANES SUPPORTED BY RADIAL BEAMS 
BULKHEAD 

(4) SHALLOW DOME BULKHEAD 

FIGURE 2 - NAA BULKHEAD CONCEPTS 



SUB-SY STEM 
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F I ELD-JO I NT R I NGS HATCH 
(TYP. 2 PLCS.) (TYP.  2 PLCS.) 

CONFIGURATION I 
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10'- IO"  
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CONFl GURATION I I 

FIGURE 3a - CMM CONFIGURATIONS 



CONFIGURATION I I I 

CONFIGURATION IV 

FIGURE 3b - CMM CONFIGURATIONS 
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FIGURE A-I - ELLIPTICAL-TOROIDAL BULKHEAD 

FIGURE A-3 - HONEYCOMB SANDWICH PLATE 
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FIGURE A-2 - SIMPLY SUPPORTED CIRCULAR PLATE 



F FEN ERS 

FIGURE A-4 - S T I  FFENCED, SKIN SUPPORTED BY INTERCONNECTED BEAMS 

STIFFENERS - W = 5 6  L B / I N  
Bml- W = 4 7 6  L B / l N  
Bm2- W = 4 7 6  LB/ IN  
Bm3- W = 4 7 6  LB/ IN 

8m2- 51" 
Bm3- 26''  

FIGURE A-5 - LOADING ON INTEGRAL FLOOR STIFFENERS 

FIGURE A-6 - LOADING ON BEAM 4 



FIGURE A-7 - LOADING ON BEAM 5 

FIGURE A-8 - STIFFENED SKIN SUPPORTED BY RADIAL BEAMS 
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FIGURE A-9 - LOADING ON RADIAL BEAMS 
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FIGURE A- IO - TRIANGULAR SANDWICH PANELS SUPPORTED BY 
INTERCONNECTED BEAMS 

FIGURE A - l  I - ISOSCELES RIGHT TRIANGLE PLATE 
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FIGURE A-12 - LOADING ON BEAMS A 

+------ 210" -1 
FIGURE A-13 - LOADING ON BEAMS B 
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20 
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FIGURE A-I4 - LOADING ON BEAMS C 
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